
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
LINCOLN LABORATORY

FREQUENCY MULTIPLIER ANALYSIS AND DESIGN

USING PUNCH-THROUGH VARACTOR DIODES

P.H. WILLIAMS
Group 64

Accesion For

TECHNICAL REPORT 1003
NTIS CRA&M
DTIC TAB [-

8 AUGUST 1994 Utian,1ourced
Justification

y........ ...........................

Oist. ibuition I

A-.t ;;c!!liy Cudes

Ava:: a:,,, I or

Dist Special

Approved for public release; distribution is unlimited.

DTTC QUA1I~yL,4'&ESt17E0D 
3

LEXINGTON MASSACHUSETTS



This report is based on studies performed at Uincoln Laboratory, a center for
research operated by Massachusetts Institute of Technology. The work was
sponsored by PM Milstar, the Department of the Army, under Air Force Contract
F19628-90-C-0002.

This report may be reproduced to satisfy needs of U.S. Government agencies.

This technical report has been reviewed and is approved for publication.

FOR THE COMMANDER

Contracted Support Management

Non-Lincon Recipients

PLEASE DO NOT RETURN

Permission Is given to destroy this document
when It Is no longer needed.

i_



ABSTRACT

Punch-through varactor diode frequency multipliers, a type of nonlinear reactive
multiplier, can be 100% efficient, theoretically. This report presents a model of a punch-
through diode and then analyzes it in the frequency domain. By restricting the currents
that flow, the analysis can be reduced to a finite set of equations for any order multiplier.
Next, assuming that the diode loss is low enough, diode equations for the specific cases
of a doubler and a tripler are developed. The report then adds the necessary circuit
elements to give lumped-element circuit designs and design equations for both doublers
and triplers. Finally, sample circuits are built using these designs, and design equations
are shown along with their performance.
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1. INTRODUCTION

Frequency multipliers are useful circuits in both the RF and microwave regions. For instance, to
provide a clean, stable local oscillator (LO) signal at microwave frequencies, the output of a 5- to 100-MHz
oscillator is multiplied by a frequency multiplier circuit. The same procedure can be used in a transmitter
where the signals are multiplied either before or after the power amplifier. These techniques are preferred
over a UHF or microwave oscillator because these higher frequency oscillators are not as quiet or as
stable as a frequency-multiplied, low-frequency oscillator.

Two general types of frequency multipliers exist: nonlinear resistive and nonlinear reactive. Nonlinear
resistive multipliers are generally impulse multipliers such as comb generators or step recovery diode
(SRD) multipliers. When these multipliers are not tuned, they are very broadband circuits. However, they
need high drive power and are inefficient. Because their maximum efficiency is 1/N2N where N is the order
of the multiplier, they are especially inefficient for higher order circuits.

On the other hand, nonlinear reactive multipliers with no series resistance are 100% efficient, and
they can be used at lower drive powers. Because the frequency multiplication is based on a nonlinear
reactance, these circuits have tuned input and output circuits and often tuned idler circuits as well.
Consequently, the tuned circuits cause reactive multipliers to be generally narrowband circuits.

Of the three common types of reactive multipliers, the best known is the abrupt junction varactor
diode multiplier that was heavily investigated in the 1950s [1]. Although they can be efficient, their
operation is sensitive to their input power level, they need external bias, and they can be hard to stabilize.
In the 1960s punch-through diode multipliers were developed [2,3]. Their operation is relatively independent
of their input power level, they are self biasing, and they are generally easier to stabilize. Punch-through
diodes are known more widely as SRDs, but because punch-through better describes them, they will be
referred to as such.

Transistor multipliers were also developed in the 1960s [4,5]. Unlike diode multipliers, they are
able to produce gain. Their operation is based on the nonlinear capacitive reactance of the reverse-biased
base-collector junction. However, due to the larger complexity of a transistor compared with a diode, they
are much harder to analyze.

Though all the previously mentioned reactive multipliers use a nonlinear capacitor, a nonlinear
inductor can also be used. In fact the very first frequency multipliers (or frequency changers as they were
called then) developed early in this century took advantage of the nonlinear flux density versus magnetic
field intensity (B-H) characteristic of iron core inductors [6,7]. Currently, they have fallen out of vogue
in the RF and microwave communities, though they are still used in other fields.

This report addresses punch-through diode multipliers only. Though all the work on punch-through
diode multipliers was done almost 30 years ago, it was difficult to locate good information about building
them. This report tries to rectify that problem. Section 2 presents the theoretical derivation of how these
multipliers work; Section 3 gives practical information on how to build them, including lessons that were
learned the hard way; and Section 4 shows the results of some multipliers that have been built as a result
of this research.
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2. THEORETICAL DESCRIPTION

Consider a punch-through diode as a generic nonlinear reactance, in series with a constant resistance,
as shown in Figure 1 [1]. For now, no assumptions are made or restrictions placed on the characteristic
of the nonlinear elastance.
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Figure 1. Generic nonlinear capacitor.

Next, the general relationship between the voltage and current in terms of the series resistance and
the elastance [1] must be found. Because typically these multipliers are driven with at least I mW, the
noise can be ignored. Also, for the purposes of the derivation, the initial voltage on the capacitor will be
considered zero; hence, the voltage v(t) can be written as:

v(t) = Ri(t) + f s(t)i(t)dt (1)

where

s(t) = dV dq and i(t) = dq (2)

dqdt dt

As usual, q() is the charge on the capacitor.

This expression is not useful for designing multipliers because the different harmonic voltages and
currents are not known. To get Equation (1) into a useful form, the voltage, current, and elastance must
be expressed as a Fourier series. At this point, one restriction is imposed--only the first N harmonic
currents are allowed to flow. With this in mind, v(t), i(t), and s(t) can be expanded as:

v(t) = VkeJkw-t (3)

i(t)= IkeJo , and (4)
k=-n

3



s(t)W= Skejkw•o1 (5)
k=-0

Because these circuits are real, all the voltages, currents, and elastances are real, which constrains the
Fourier coefficients to be:

V-k = V, Ik = 1 , and S-k = (6)

Because the desired end result is a generic expression for each harmonic voltage Vk in terms of the

currents, 4k; elastances, Sk; and series resistance, R,; first the Fourier coefficients are calculated in terms
of their time domain counterparts. From basic Fourier analysis, these expressions are

I t+Te

Vk = - v(x)e-jkio°Xdx (7)

t

= t+T

t+T

Sk=- J s(x)e-Jk'oxdx (9)
t

Equation (7) gives an expression for each Vk, but to get it in terms of Ik, Sk, and Rs, Equation (1) is
substituted into (7) to obtain:

St+T

Vk = i (Rsi(x) + j s(y)i(y)dyýe7jk~o)xdx (10)

Nonetheless, the current and elastances are still expressed in the time domain, so Equations (8) and (9)

are substituted into (10) to get:

1 n X4Slmt+•n 0 m e+TJ°•°x(I+m-k)dX(I1
Vk = RsIk - (0oT(l + m) t=- m t e

Here, the integral is zero except when m = k - 1, where it is equal to T. Equation (11) can then be written

as:
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•1 n
vk = R, lk - Y .-- , 14S-1 (12)

o)0 1=-n

or in matrix form as:

V = R + [All ,(13)

where

S_
Alk =--j (14)CMok

Equations (12) and (13) relate each harmonic voltage to the harmonic currents, the harmonic elastances,
and the series resistance.

Because Equations (12) and (13) are used to determine impedances, the process is easier if all the
currents are normalized to 1I. The normalized current Dk is defined:

Dk = Ik (15)

From this equation it is obvious that D, = I and D-k = Dk*. Finally, Equations (12) and (13) can be
rewritten as:

( I ~nj
S=cookj - n Sk.l}I1 (16)

and

V = {Rsb + [AAD}l1 (17)

With such a general mathematical description of the nonlinear reactance, the reactance can be put
in a circuit to give more constraints for Equations (16) and (17), which will enable a general expression
for the input and output impedances [8].

Figure 2 shows the input circuit of a general, nonlinear reactive frequency multiplier. The input
inductor tunes out the constant or average elastance of the nonlinear reactance, while the higher order
terms will appear resistive at the input frequency, resulting in an impedance-matched circuit. Though the
contributions by the higher order terms appear resistive, they are not resistors because they are due to
nonlinearities. The higher order terms actually cause the frequency multiplication.

5
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Figure 2. Input circuit.

To calculate the input impedance in terms of the normalized currents, elastances, and series resistances,
the equations for the input resistance and the input voltage are needed from Figure 2:

n = Vn and (18)I,

Vin = i so I, + V1 -(19)
(00

Using Equations (18) and (19), the V, term of Equation (16) can be rewritten as:

S n

in _jo =R 5-j I DlSi-. (20)
COO 0)° 1=-n

because only the fundamental current is allowed to flow in this circuit. If identical terms on both sides
of Equation (20) are eliminated, it reduces to:

Rin =-j DASIi+ Rs (21)
COO L=-n 1=2 6



Notice that the two summations are the same as one summation from -n to n except for the S, term at
1 = 1, which is a result of the input inductor tuning out the constant elastance.

The output circuit shown in Figure 3 can be treated in a similar manner. Again, there is an output
inductor that tunes out the constant elastance at the output frequency. Here, the lower order terms create
the frequency-multiplied signal. The equation for the nth harmonic voltage is also needed:

Vn = [-Rout-JiSoDnll (22)

Using Equation (22), the Vn term of Equation (16) can be rewritten as

SDn-RoutDn J-o4 n =Rs~n-j 1 ASn-l (23)
n°0 no)0 1=-n

or, if identical terms on both sides are eliminated, as:

1 n-1 I
Rout = j • Y -Z --Sn-1 - Rs ( 4

n.1o , Dn n (24)

1=-n

Again, notice that the constant elastance has been tuned out, and only the nth harmonic current is
permitted to flow.

2V2415-3
DIODE

EQUIVALENT In +j
CIRCUIT

;+ OUTPUT TUNING +

WYLOWER

°I

Figure 3. Output circuit.
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Finally, the same procedure is performed for the idler circuits shown in Figure 4. As before, there

is an inductor in each idler circuit to tune out the constant elastance at the idler frequency. However, there

is no series resistance in the circuit other than the resistance of the diode. The expression for the harmonic
voltage is

Vk =-jSo Dkl -(25)

kwo

Using Equation (25), the V. term of Equation (16) can be rewritten as:

.1I N
-J-Dk=RsDk -j- XDSkIl_ (26)

Again, after eliminating identical terms on both sides, Equation (26) reduces to:

1 k-1 ,,

0 = sDk - j- YAs,,+ .As,,_ (27)
cLl=-n l=k+l

Again, notice that all the constant elastances have been tuned out of all the idler circuits, and only the
kth harmonic current is permitted to flow.

DIODE
EQUIVALENT

CIRCUIT

Rs.SoS

"-J • mVk IDLER , jso

TUNING kwo

T
IBY TER

OqRDER TRMUS

V' DLE

Figure 4. Idler circuits.

8



Because all the voltages, currents, and elastances are real, the bottom half of the matrix Equation
(17) can be eliminated, where k < 0. The equation for V0 can also be ignored because a different method
is used to design the bias circuit. In addition, because the bias currents are typically several orders of
magnitude smaller than the other currents, they can be ignored. Therefore, a matrix equation can be
written from Equations (21), (24), and (27) as:

R nO.) 1=nD n-
out 0 -=- n
0 D k'-I n
* =Ri +S 0,j 1  1,k- x: (28)

0 D 2ko 1=-n k ik+X
D2R 0'n

R IDIS1_, 0 _j 0,n 1

Oo 1=-n 0 1=2

Equation (28), which is referred to later in this report, is the fundamental matrix equation for nonlinear
reactive multipliers where only the first N currents are allowed to flow.

The important unknowns in Equation (28) are the elastance coefficients. To get these coefficients,
the analysis must be constrained to deal with a certain type of nonlinear reactance. As mentioned earlier,
the nonlinear reactance used here will be that of a punch-through varactor diode.

To make the mathematics easier, incremental elastance is used instead of incremental capacitance.
Incremental or small signal elastance is defined as:

1 _dv

s(q) = -= d (29)
c(q) dq

The incremental elastance for the punch-through varactor model is a step function (Figure 5) and is

siq -Smax for q>0 (30)
S0 for q<0

The step function results when the punch-through diode is reverse-biased, and the depletion region
rapidly expands to encompass the whole diode. Once that happens, adding any more charge does not
change the diode's elastance. The punch-through diode's forward characteristic is a result of its extremely
long minority carrier lifetime, T. Because T is much greater than the fundamental period, the extra charge
in the depletion region never gets a chance to be swept away. Consequently, the diode appears to have
infinite capacitance or zero elastance in the forward direction [3].

9
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-q q-0 +q

Figure 5. Elastance versus charge characteristic of punch-through diodes.

The only problem with Equation (30) is that it is a function of the charge q, and it should be a
function of time for the matrix Equation (28). An expression for q(t) is needed. Though q(t) is yet
unknown, it is assumed that it crosses the x-axis once every 1800 at the fundamental frequency or

: 0 for (td+nT)- <t<(td+nT)+-T
q(t) -- 4T(3

0 for (td+nT)+-T!5t(td+nT)+3T 
(31)

4 4

where td is a time delay with respect to t = 0. Because the elastance versus charge relationship is a step
function, this is enough information to determine s(). After determining the specific charge coefficients
for doublers and triplers, this assumption will be validated. Therefore, using Equations (30) and (31), s(t)
can be calculated as:

0 for (td+nT)- --- <t<(td+nT)+-T

s(t) = ) (4 4T T(32)
Smax for (td+ nT) +4<_ýt:5(td +nT) +43(2

4 4

The elastance waveform s(t) is shown in Figure 6.

10



(d + nT) - 3T14 td + nT (t + nT) + 3T/4

(td + nT)- T/4 (di + nT) + T/4

Figure 6. Elastance waveform for a punch-through varactor diode.

Now that the elastance function exists with respect to time, the elastance coefficients can be calculated
by substituting Equation (32) into (9) with a result of:

S(td +nT) 3T

(td+nT)+T

4

After performing the integration, the result is

Sk= Ma e-j°(td+nT) e- 4_e- e (34)-jkmo)T

Because T = 2x/co and e-S = e-i = 1, Equation (34) can be reduced to:

Sk S 2Jxe~jk(O)-d+m)sinc(k.2i) (35)

Let otd= 6; then Equation (35) can be written as:

11



Smax eJk(O+ w)sinc(k 2) (36)

or by substituting Equation (36) into the [A] matrix, Equation (14) can be expanded to:

.Smax. F ~ -)Ox
Alk =sinc(k - 1) - e-J (37)

Though the preceding model for the punch-through diodes produces good results, there are some

differences between it and a real diode. Note that it was assumed that the transition between the forward

and reverse characteristic occurs at zero charge, when in reality it occurs at a slightly negative charge.

In addition, the transition is not a sharp step function, but rather it takes some positive charge before the

elastance reaches S... Note that too, S., is not completely flat, but rises slightly with increased positive

charge. Besides differences between the model and reality, also keep in mind that charge waveforms other
than those assumed may be more efficient.

The last variables that are still unknown in matrix Equation (28) are the current coefficients Dk.
Because the first and last rows in Equation (28) determine the output and input resistances, the n - 2 idler

equations remain to determine the n - I current coefficients. Therefore, to solve for the current coefficients,

one more equation or constraint is added; that is, that the efficiency e is at a maximum [8]. The efficiency

is the ratio of the output power to the input power or

ID 1 Rout(In + l-n)(In +/-n)Sou__t -=

Pin ARin(II +- 1 )(L 1 + L)* (38)

2 (8
which reduces to

E(Lý D2-,.Dn) Rout (Dn + Dn*) 2 (39)

4Rin

Next, the idler equations are used to reduce the efficiency to a function of only one of the current

coefficients. Then the efficiency is differentiated with respect to the remaining current coefficients and
set to zero as:

de(Dk) = 0  (40)

dDk

12



Finally, Equation (40) and the idler equations are used to calculate the remaining current coefficients.
Because these equations are complicated, it is difficult to solve them for maximum efficiency in the
general case. They will be solved later when specific order multipliers are examined.

Once the current coefficients are established, the charge coefficients must be calculated to determine
whether the charge waveform violates the assumption that it crosses the x-axis once every 1800 at the
fundamental frequency. The charge waveform is the integral of the current waveform, so assuming zero
initial charge. it is

S(t)ID, jkOowtq(t)=jf( dt = (41)
k=-_ •

Therefore, the charge coefficients are

Q .= _J "Dk (42)

Up to now, no limits were set as to how much input power to give the diode. However, real varactor
diodes can only withstand a certain reverse voltage or charge before they break down. Because it is
desirable to operate below the breakdown voltage V5 it is necessary to know the maximum input power.
Start by determining the time at which the charge reaches its maximum [8], which occurs when the
derivative of charge, i.e., current, is zero. Using Equation (4) and setting it equal to zero results in:

n= DkeJke t (43)
k=-n

Once again, this result is too complex to solve in the general case and will be solved when specific order
multipliers are examined. From Equations (41) and (43), the maximum charge Qm,, is

11 n

Qmax =J- _ Dk-eJko°°t=qm (44)
( k=- k

Integrating Equation (29), the elastance charge relationship, results in the voltage charge relationship:

v = f s(q)dq ,(45)

which for punch-through diodes, when q > 0, is

=max SmaxQma (46)

13



Substituting Equation (44) into (46) and solving for 1,2, results in

2  2

2/max (oo
i I

a k=-nk

Because the input power is

Pinput = 2Rinputi2 (48)

where the factor of 2 is due to the two currents J1 and I-, the maximum input power is

2V 2

Pin n max Rjno) 2

Smax k Dk jka),tq 2 (49)

A complete, generalized, mathematical description of a punch-through varactor diode multiplier has been
written.

2.1 THE DOUBLER

The two most practical multipliers to build are the doubler and the tripler. The general design
parameters for the doubler will be calculated next, beginning with the matrix Equation (28), which
reduces to the two scalar equations

Rout =-Rs +j l [S1+S 3 +LDS4 ] and (50)

Rjn= Rs - j 0)0S,ý+ S2 + DS 3 ] .(51)

Using the elastance coefficients determined by Equation (36), (50) and (51) reduce to

Rout =-Rs + j Smax [o.6366e-j(O+7) -0.2122e-j3(+x)] and (52)
4rooD 1t1

14



Ri= Rs JSmax [0 .6366ej 0+1r)D 2 _0.2122e-j3(e+w)DLI] (53)

For the doubler to work properly, both the input and output impedances must be positive and real. This
criterion limits the combinations of 0 and <D2 that are valid but does not uniquely determine either. For
simplicity, let 0 = -90* and < D2 = 00. Consequently, Equations (52) and (53) reduce to:

Rout= -Rs +0.8488 Smax and (54)
4aOD2(

Rs + 0.4244 SmaxD2 (55)20>0

which are the general doubler equations for the output and input resistance.

Before using Equations (54) and (55), the current coefficient is calculated by maximizing the
efficiency using Equation (39), which for the doubler reduces to:

S0.8488S.D 2 - 4RsD Oao (56)
0.8488SmaxD 2 + 4Rs0lo

Differentiating Equation (56) with respect to D2 and setting it equal to zero gives a quadratic equation.
Using the quadratic formula, D2 is

D2 =--4.7 13R+a 0  2Rso + (57)

which reduces to

D2 =1 (58)

for the lossless case. Knowing D2 for the lossless case, Rot and Rin were calculated for the lossless case
as

Rout =- 0.4244 S=ax (59)
20o

15



S
R. = 0.2122 max (60)

m (0
0

To determine if the assumption about the charge waveform is correct, the current, charge, and
elastance waveforms are plotted for the lossless case. The charge coefficients from Equation (42) are

- =-j-I and Q2=-j1 (61)

1, (00 I1 20oo

As can be seen in Figure 7, the assumption proves true.

23/246-7
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Figure 7. Current, charge, and elastance waveforms for a lossless doubler.

Next, an expression must be found for the maximum input power that a doubler can handle. First,
find when maximum charge occurs, which is at zero current. Using the equation for the current in the
case of the doubler, Equation (43), and after rearranging the exponential terms, results in:

COS(0otq max) = -D 2 cos(2 (potq max) , (62)

16



which is an implicit expression that generally has to be solved numerically or graphically. However, for
the lossless case the principle value of tqm is

tqmax - -- or 60* at o), (63)

From Equation (49), the maximum input power for a doubler is

2v (04oR+ 0.222Smaxl(6

Pin = c12 (64)
Simax[2sin((Ootqmax) + D2 sin(2 Oootqmax)

For the lossless case, this reduces to:

Pin = 0.06287 V~ma 0  (65)
Smax

These and all the other pertinent design equations for the doubler are listed in Appendix A for the general
and the lossless cases.

2.2 THE TRIPLER

The tripler is a little more complicated than the doubler as it uses an idler circuit. The matrix
Equation (28) for the tripler reduces to

Rout =-R + j  [ 6 + s 5 +s 4 +s2  (66)

I= [, j and (67)
0= RsD -Jj- [D3 S 5 + D2 S4 + S3 + Si + D3S ,(

In --Rs -j JI [D 4 +D;S3+S2 +D2 +D ] (68)

Using the elastance coefficients determined by Equation (36), (66) through (68) reduce to:

Rout =-R, + j S-m O p.273e-J5(O+ 2'D; +0.6366e-J(O+)D 2 ] , (69)
(OOL-17

17



0o= RsD2 - JSma
4ow0

[0.1273eJ 5(O+;r)D _ -0.2122eJ 3 (O+'r) +0.6366(eJ(O+ O +eJ(O+7r)D3)] (70)

and

An =4 - j- ----- 0.2122ej 3 0  ) D; + 0.6366eJ(O+hl)Dl (71)

2coo L Ij (1

As in the doubler, the input and output impedances must be positive and real. This criterion limits the
combinations of e <D2, and < D3 that are valid but does not uniquely determine any. For simplicity, let
e = -900 and < D2 = < D3 = 00, reducing Equations (69) through (71) to:

Rout= -Rs + Smax [0.76391)2] , (72)6twoD3

0=Rs+ Smax [0.5093D3 -0. 84 8 81 ,and (73)
4o),D 2

in = Rs + 2mo [0.4244D2 ] , (74)
2w0

which are the general tripler equations for the output resistance, idlers, and input resistance.

Before using Equations (72) through (74), the current coefficients must be determined. Use the idler
Equation (27) to get D3 in terms of D2 or:

D3 = 1.667 - 7.854o)D2 Rs (75)Smax

which for the lossless case reduces to:

D3 = 1.667 (76)

Then, to determine D2, use the efficiency Equation (39) to get:

E(D),DO3 ) = R t( 2 3) (77)4Rin

After making all the required substitutions, Equation (77) is

e(D2 ,D3) =- RsDý(0o (78)
0.2122Srriajt- Rs4wo

18



To determine D2, substitute Equation (75) into (78) and differentiate it with respect to D2. Because the
maximum efficiency is desired, solve the derivative equal to zero to get:

/) -=-4.713 Rs° :! ±83.92--- 26.19 +3.781 ,a(79)Smax smax Smax

which reduces to:

P2 = 1.944 (80)

for the lossless case. Knowing D2 and D3, Rout and Rin are calculated for the lossless case as:

Rout = 0.4 4 54 Smax and (81)
3wo

Pin = 0.-4125 Smax (82)

Before proceeding further, the assumption that the charge waveform crosses the x-axis once every
1800 at the fundamental frequency needs to be checked. The charge coefficients from Equation (42) are

Q2 = _j 0.9720 and Q3 = _j 0.5557 (83)

By plotting the charge, current, and elastance waveforms in Figure 8, the assumption holds true a second
time.
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0 45 90 135 180 225 270 315 360o
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Figure & Current, charge, and elastance waveforms for a lossless tripler.
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Next, the maximum input power that the diode can withstand must be determined. As in the

doubler, first determine the time of maximum charge from Equation (43) as:

0 = COS((Ootq max) + D2 cos(2 0)otq max) + D3 cos(3°)otq max) (84)

For the lossless case, the easiest way to solve Equation (84) for tqmax is graphically, from which is

obtained:

0.7295
tqmax = or 41.800 at w0o (85)

(00

Knowing te,, the maximum input power is calculated from Equation (49) as:

2 2 2
2V CO R 0.4244V~maxwoD2Sma

Pin = 2 (8x6)o°s +
Smax2L32 sm( 3 o. m sin(2otq max))+ D2 sil(20otq max) +2x-

And finally, for the lossless case Equation (86) reduces to:

Pm= 0.04742 v (0o (87)
Smax

These and all other pertinent design equations for the tripler -re listed in Appendix B for both the general

and the lossless cases.
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3. DESIGN PROCEDURE

3.1 THE DOUBLER

The doubler circuit is the simplest multiplier, and it is shown in Figure 9. The output trap is tuned
to the fundamental frequency and prevents it from escaping through the output port. The input trap is
likewise tuned to the second harmonic to prevent it from leaking back to the source. In addition, the input
trap is inductive at the input frequency and tunes out the average elastance of the varactor in the input
circuit. However, a separate tuning inductor is needed on the output side to tune out the average elastance
of the varactor because the output trap is capacitive.

INPUT TRAP Rbln OUTPUT TRAP OUTPUT TUNING

C2  C1  INDUCTOR

BLoCKING BLOCKING
CAPACITOR Lout CAPACITOR

INPUT OUTPUT

12 Ll

PUNCH- THROUGH
VARACTOR DIODE

Figure 9. Punch-through varactor diode doubler circuit.

Generally, when designing varactor multipliers, the relationship

Rswo << Smax (88)

is valid where R. is the series resistance of the diode, wo is the input frequency of the multiplier, and Sn,
is the maximum elastance of the diode when it is reversed biased. Note that the elastance is the reciprocal
of capacitance. With this assumption a doubler can be designed using the lossless column of the generic
doubler equations at the beginning of Appendix A.
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In a punch-through varactor doubler, the input and output resistances are the same. Therefore, Smax
or Cmi. is determined by the characteristic impedance of the system ZO in which the doubler will be used.
Using the equation for either the input or output resistance in Appendix A, the capacitance at the diode's
breakdown voltage is calculated as:

1
Cmin = 0.03377 1 (89)

Zofo

where fo is the input frequency in Hertz. Next, the minimum required breakdown voltage is calculated
from the expected maximum input power using the input power expression in Appendix A, resulting in

Vm = 1.591 fo'mn (90)

There should be enough input power to get the maximum voltage above 5 V, otherwise the diode operates
more like an abrupt junction varactor diode, and the preceding equations are not valid.

The bias resistor is calculated from

Rbias = , (91)
Cnmin

where r is the minority carrier lifetime of the diode [9]. This expression is approximate, so the actual
value of Rbias should be determined experimentally. Finally, T must be much longer than the period of
the fundamental frequency for reasons given previously.

For the input trap to be resonant at the output frequency and tune out the average elastance of the
varactor diode at the input frequency, C2 and L2 must be

2C
C2 = 2 rain and (92)

3

L2 = 02 (93)4 (05C2

The output circuit, unlike the input circuit, is not uniquely determined by the varactor because of
the extra tuning inductance. To get unique values, let the reactance of the output trap equal the average
reactance of the varactor at the output frequency. Using this constraint, the output circuit values are
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C_ 8 ,d (94)
3

1 ,and (95)

L 2

2ut 2 4 1 (96)
3

All the doubler circuit design equations appear in Appendix A.

3.2 THE TRIPLER

The tripler is more complicated than the doubler due to the addition of idlers at the second
harmonic. The complete tripler circuit is shown in Figure 10. Instead of one diode, the tripler shown here
uses a matched pair of diodes, although a single diode tripler could also be used. Each diode in combination
with its idler inductor L2 resonates at the second harmonic, forming two series idlers. This arrangement
constrains the second harmonic current to stay in the low impedance path of the two idlers. Also,
operating the two diodes in push-pull mode considerably reduces all even-order harmonics at both the
input and output, which is not possible with a single diode tripler.

The input and output traps work similarly to the doubler. The input trap prevents the third harmonic
output signal from leaking into the input. It also tunes out the series reactance of L2 and the diodes at
the input frequency. Likewise, the output trap prevents the fundamental from leaking to the output port.
Unlike the doubler, the output trap is also able to tune out the diode reactance because the needed
inductor is already there as 12.

Due to the additional complexity of the tripler, it is prone to instabilities from reactive out-of-band
terminations. To prevent instabilities, bridge-tee circuits have been added in both the input and output
sides. These circuits act like a through line at their designed frequency, while providing a known resistive
termination to out-of-band frequencies [10].

The matching networks are simple L-networks. Because triplers are narrowband circuits, there is
generally no need to use fancier matching networks.

Another cause of instabilities is an improperly designed bias circuit. The closer the bias resistor is
to the diode, the less likely are instabilities [8]. In Figure 10, the bias resistors are connected directly
across the diodes with no other intervening components.

23



INPUT
MATCHING INPUT INPUT OUTPUT OUTPUT OUTPUT 2M-410

NETWORK BRIDGE-TEE TRAP TRAP BRIDGE-TEE MATCHING

INPUT Lm Cser~tn i.ser4n L/•3 L, Cser-out NETWORK
INPU l-atc~in r-I • F q H i-l •OUTPUT

tBLOCKINGat-o BLOCKING

CPCTRRn RnRout Rout CAPACITOR

Lpar'In Cpar'in 'Lpar-ou ° C•°ut

B LOCKING _VBOKNGCac
CAPACITOR IDE APACITOR

L2INDUCTORSL
BIAS RESISTOR MAC ,D- BIAS RESISTOR

PAIR
| PUNCH-/ / ~THROUGH'lT

Sq VARACTORV
DIODES

VARACTORS AND SECOND HARMONIC IDLERS

Figure 10. Punch-through varactor diode tripler circuit.

To calculate the component values, assume (as in the doubler) that the expression

Rs0o° << Smax (97)

holds true. This permits the use of the lossless column of the generic tripler equations in Appendix B.
Unlike the doubler, the tripler's input and output impedances are not the same. To keep the components
as realizable as possible, let the input and output resistances be determined by:

Rin = 5Zo and Rout = 3 o (98)
3 5

Note that Rin and Ro.t in Equation (98) are the circuit input and output resistances. Because of the two
diodes that are effectively in parallel, the resistances in Equation (98) are one-half of those found in the
beginning of Appendix B. Knowing the input resistance, the minimum reversed biased capacitance is
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1
Cmin = 0.03283 (99)

foRn

The idler inductors L2 are then calculated as:

1

L2 = 1(100)

As in the doubler, the breakdown voltage must be large enough to handle the expected input power.
The required breakdown voltage is determined by using the formula for the input power in Appendix B,
while keeping in mind that the voltage splits in half across the two diodes. Therefore, the breakdown
voltage is

Vmax = 0.916 P (101)

The breakdown voltage required by the input power should be greater than 5 V or the tripler will not work
properly. Generally, the greater the input power, the more efficient the multiplier. If the input power is
too low, the diode will act more like an abrupt junction varactor rather than a punch-through varactor and
will require a different set of design equations than those being used.

The bias resistors are calculated from

bias =- , (102)

where T is the minority carrier lifetime of the diode [9]. This expression is approximate, so the actual
values of Rbi. should be determined experimentally. Because even a pair of matched diodes is never
absolutely identical, the two bias resistors will not necessarily be the same. Finally, T must be much
longer than the period of the fundamental frequency for reasons given earlier.

Before designing the bridge-tee circuits, the Q for each is determined. Generally, the higher the Q,
the more stable the multiplier. On the other hand, the lower the Q, the more realizable the components.
The exact Q depends on the quality of the available inductors and capacitors. For a given Q,., the input
bridge-tee values are

Ls_-in = W ,n Cs_-in = 1 ,(103)
~o wOo RmQm
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L _Im n , and Cp-in- =a (104)Lp•_i n mO'o O)oP•

likewise, the components values for the output bridge-tee are

/-•rou "R~utQwut I
Ls3rOut - 3o , Cser.out - 3°JORoutQout (105)

Larout Rout , and Cpar- 3OoR=out (106)

where R. and Rt are the input and output resistances, respectively, of the tripler circuit.

Continuing with the remainder of the circuit, the input and output traps are calculated as [11]:

L3 =24L2 C3 2 rain (107)

3 3

20 18
L, = 2-L2 and C 1  8= Cmin (108)

9 5

Finally, the input and output matching networks are calculated as [12]:

-Z ~ ~ • Vn 1-19
L-atchRin -1i Cmatch-in = o (109)Lmt~ 0mOo Zo, " OoPi

Labh-out = 3 Zu 1 , and C tch.out - Vz - (110)
3 wo) out 3w 0 Z,

A complete listing of the tripler circuit design equations appears in Appendix B.
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4. DESIGN EXAMPLES

4.1 2.64-GHz DOUBLER

An example of a punch-through varactor doubler that was built at 2.64 GHz is shown in Figures 1
and 12. The circuit in Figure 12 also includes a single-stage amplifier before the doubler that is not shown
in Figure 11. The doubler is designed for a 50-fl system, so using Equation (89), Cnin is calculated to
equal 0.256 pF. Because an input power of 10 dBm is needed, Equation (90) is used to get a breakdown
voltage of Vmax - 6.12 V. The closest punch-through varactor diode that meets this voltage is
a M/A COM MA44621A-C with a Cmin = 0.25 pF and a Vma = 20 V. The series resistance is less than
5 0 and because Rwoo = 8.29 x 1010 is less than Sm., = 4 X 1015, the lossless equations in Appendix A
can be used safely. The calculated bias resistor using Equation (91) is Rbias =40 KQ. After experimenting
with the bias resistor value, an optimum value of 44 KM2 was achieved.

W2•46811

44 K BOND WIRE

47 pF /4AT5.28GHz /4 AT 2.64 GHZ 2 nH 47 pF
10 dBm AT -- 5 dBm AT
2.64 GH-z 1 _- 528 GHZ

VJ4 AT 5.28 GHz
MIA COM MA44621 A-C

-r - 1 nS A4 AT 2.64 6Hz

5.28 GHz TRAP

INPUT MATCHING CIRCUIT

2.64 GHz TRAP

Figure 11. Schematic diagram of a 2.64-GHz punch-through varactor diode doubler.

Because of the high frequency involved, both the traps and the input matching circuit were
implemented as microstrip transmission lines instead of lumped elements. The traps were implemented
as two quarter-wavelength transmission lines in an "L" configuration. Though the input trap could have
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designed with the proper transmission line impedances to resonate with the average elastance of the diode

as in the lumped element case, instead impedances were used that were realizable in microstrip. This
decision required an extra L-matching netryork at the input and an --2 nH inductor made of bond wires
at the output. The L-matching network was determined by using a microwave CAD program and by

experimentation.

237246-12

Figure 12. A 2.64-GHz punch-through varactor diode doubler as built.

Despite the high frequency and low input power, the multiplier performed well. With an input
power of +8.93 dBm, it had an efficiency of 32%. Much of the loss was likely due to the microstrip lines
in the circuit and in the test fixture used to test the packaged circuit. The input impedance and reflection
coefficient are shown in Figure 13, and the relative output spectrum is shown in Figure 14.
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Z : 73.5 - jg.0Q

0

M I

0
-I -25
z

I-

-so I
2.54 2.64 2.74

INPUT REFLECTION FREQUENCY (GHz)
COEFFICIENT INPUT RETURN LOSS

Figure 13. Input impedance and reflection coefficient of a 2.64-GHz punch-through varactor diode doubler.

237248-14

Figure 14. Output spectrum of a 2.64-GHz punch-through varactor diode doubler.
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4.2 50-MHz TRIPLER

A 50-MHz tripler (shown in Figures 15 and 16) was built to test the tripler equations. It was
designed for a 50-fl system with I W of input power. From Equation (98) it is seen that Rin = 83 Q2 and
Rout = 30 Q; Equation (99) indicates a need for Cmi = 7.8 pF. The diode with the closest specifications
is an Alpha Industries DVB6145-19 with a C~in = 8.8 pF, VB = 75 V, R, -5 12, and T -240 nS. From
the diode specifications, it is obvious that Roo = 3.142 x 109 is much less than S.. = 1.136 x 1011, so
the lossless equations in Appendix B can be used. Therefore, using Equations (81) and (82), the input
and output resistances for the DVB6145-19 are Rin = 74.6 £Q and Rout = 26.8 £2. Using Equation (101),
Vma. = 43.7 V for I W of input power, leaving a good margin.

7246•t-1S

150-MHz 50-MHz
TRAP TRAP

INPUT OUT-OF-BAND 151 nH 251 nH OUT-OF-BAND OUTPUT
MATCHING TERMINATIONS % TERMINATIONS MATCHING
NETWORK 3-15pF 1.11 uH 7-35pF 56.3nH NETWORK

30 d~k 112 nH 4F 3p .1u
0.1uF 26 nH01

1.5-6pF 3 -15 PF5.n 7p

220pF 15.0nH

100 pF 
100pF

70-5n 150 nH

24KQ 24KQ r=240nS
Cmin = 8.8 pF
Vb 75 V

100 DVQ15-1 00KQ/ USE4 4+
• MATCHED

PAIR OF
DIODES

VARACTORS AND 100-MHz IDLERS

Figure 15. Schematic diagram of a 50-MHz punch-through varactor diode tripler.
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237246-16

Figure 16. The 50-MHz punch-through varactor diode tripler as built.

The idlers also include the idler inductance and the bias resistor. The idler inductor is determined
from Equation (100) to be 143.9 nH, and the bias resistor is calculated from Equation (102) to be
27.3 Kf.

For the bridge-tees, an input Q of 5 and an output Q of 2 worked well and gave realizable
component values. The values for the components were calculated from Equations (103) through (106)
and are shown in Figure 15.

The component values for the two traps are calculated from Equations (107) and (108). However,
the average elastance of the diode is more like 2.2 Chin, so both the idler inductors and the trap components
are altered slightly from the requirements of Equations (103) through (108).

Finally, the input and output matching section components are calculated from Equations (109) and
(110). Because of the large number of reactive components that need to be properly adjusted, many of

the components were implemented as variable capacitors or inductors.

Because its operating frequency is much lower, the tripler is more efficient than the doubler. Even

though the tripler was tested with only +15 dBm of input power to make it easier to characterize, it had
an efficiency of 53%. The input impedance and reflection coefficient are shown in Figure 17, and the
output spectrum is shown in Figure 18.
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Figure 17. Input impedance and reflection coefficient of the 50-MHz punch-through varactor diode tripler.

Figure 18. Output spectrum of the 50-MHz punch-through varactor diode tripler.
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5. CONCLUSIONS

Nonlinear reactive multipliers are the most efficient and stable multipliers over temperature. One
type of nonlinear reactive multiplier is the punch-through varactor multiplier. A general theoretical
description of the punch-through varactor multiplier was presented, as well as specific design information
for a doubler and a tripler circuit. Higher order multipliers, as well as different circuit topologies for the
doubler and tripler, can be built using the general theoretical description. To round off the discussion,
examples of a doubler and tripler were shown with their results.
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APPENDIX A
DOUBLER EQUATIONS

A.1 GENERIC DOUBLER EQUATIONS

General Case Lossless Case (R, =0)

/)2=4 71__to + 22-21R~sto2

D =a-4.713 + + (57) D2 1 (58)

Rn=Rs +0.4244 tooA"L (55) R-n =0.2122 Smax (60)

Rout = -Rs + 0.8488 Smax (54) Rout = 0.4244 Smax (59)4(poLý 2too

0.8488SmaD 2 - 4R•Da ()o
e(D 2 )= 0-8488SmaxD2 +4Rs4o5

Implicit equation for tqx:

cos(tootq max) = -D2 cos(2 ootq max) (62) tq max = I (63)

2 21 0.2122SmaxD21

Pin 2V=ax0)IRS + O 00 Pin = 0.06287 V.t. (65)

S.2ax[2sin(tootqmax ) + D, sin(20.otq max)] 2  Smax

(64)
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A.2 DOUBLER CIRCUIT DESIGN EQUATIONS

Figure A-I illustrates the doubler circuit that relates to the equations in this section.

INPUT TRAP Rbas OUTPUT TRAP OUTPUT TUNING
C2  C1  INDUCTOR

BLOCKING BLOCKING
CAPACITOR Lout CAPACITOR

INPUT .- j%---- OUTPUT

L2 Ll

PUNCH-THROUGH t

VARACTOR DIODE

Figure A-). Punch-through varactor diode doubler circuit.

Cmin = 0.03377 1 (89)
ZoAf

Vmx = 1.591 T (90)
SfoCm=

bis=C-• (91)

C2 3 mw (92)

38

I I I II I I I I '• I I I I II i38



•(2 (93)

_8

=(94)3

-4 = Q12 (95)

LID.t 2 14 (96)
3
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APPENDIX B
TRIPLER EQUATIONS

B.1 GENERIC TRIPLER EQUATIONS

General Case Lossless Case (R, =0)

R ] (0s Io 2.9RSto +) 3 (80)
L2 = -4.713 .st0±+83.92 -- 2619 +3781 = 1.944Sm,• sm Sm•,

(79)

D3 = 1.667 - 7.854o)0 D2Rs (75) 1) =1.667 (76)
Smax

R, ==Rs + S-ao [0-.4244D 2 ] (74) RP = 0.4125 Smax (82)

Rout= -Rs + Smax [0.7639D2] (72) Rout = 0.4454 Smax (81)
6 (00D 3 3ao(

0.1273SmaxD 2 D3 - Rs 2E=1

0.2122SmaxD2 - Rswo (78) e=l

Implicit equation for tqma:

0 = cos(cOotqmax) + )2 cos(2 (potqmax) + 1)3 cos(3 wotqmax) tqmax =0.7295 (85)
COO

(84)

p 2VMt0;,R+ 0.4 244V2maxoD 2 Smax
S2 a[2D3 sin(30)otq max) + D2 sin(2ootq max) + 2sin(wOotqmax

(86)

Pin= 0.04742 Vmax (87)
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B.2 TRIPLER CIRCUIT DESIGN EQUATIONS

Figure B-I illustrates the tripler circuit that relates to the equations in this section.

INPUT
MATCHING INPUT INPUT OUTPUT OUTPUT OUTPUT 23MG4io

NETWORK BRIDGE-TEE TRAP TRAP BRIDGE-TEE MATCHING
Caer-n L99r -ln L/v3 L/,l • Caer-om I-ser-out NETW ORK

INPUT O ,4 •OUTPUT

nBLOCKING R R BLOCKING
CAPACITOR i n m-g ro CAPACITOR

CAPACITOR IDLER CAPACITOR
L2 INDUCTORS 12

BIAS RESISTOR BIAS RESISTORMATCHED-

_LPAIR
PUNCH-/ / ~THROUGH T

V V VARACTORV V

DIODES

VARACTORS AND SECOND HARMONIC IDLERS

Figure B-1. Punch-through varactor diode tripler circuit.

Rin - Zo and Rout = Zo (98)

1
Cmin = 0.03283-1 (99)

foRin

1(100)
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fo~i

,Rbias = (102)

Lser-i AAli n =r-i (103)
Wo (onQ

Lprin nCa-i) i (104)

Le-ot=Rtog Ceou = 1 (105)
-3coo -u 3co0&?utQ0 ut

LPM-Out = kutCpar...out = ot(16

L~3 =L 2  C3 2Cnun (107)
3 3

L,=20 2 ,18 Ci 18
9 5

L~nath~in ~ 1fl~i -(109)

L~a hou u Cmatch..ut 3a,0Z
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